The article presents the antitumor and immunomodulatory activity of compounds and extracts from Inonotus obliquus. Polysaccharides isolated from sclerotium have a direct antitumor effect due to protein synthesis inhibition in tumor cells. Polysaccharides derived from the mycelium function by activating the immune system. Due to the limited toxicity of these substances, both extracts as well as isolated and purified chemicals may be a good alternative to current chemotherapy and play a role in cancer prevention. In vitro experiments have shown the inhibition of inflammation with the influence of action of I. obliquus extracts; however, in vivo experiments on animals implanted with tumor cells of different types have shown the activation of the host immune system. This led to decrease in tumor mass and prolonged survival. The immunomodulatory mechanism of action is complex and it seems that stimulation of macrophages and induction of apoptosis in cancer cells is of great importance.
INTRODUCTION

Systematics of Inonotus obliquus (Chaga mashroom) according to
year. It is a 'wound parasite' that causes white uniform rot on an occupied tree [1, 2] .
Fruiting bodies are found in the gender form (excellent) and in the asexual one (imperfect, vegetative). The fruiting bodies of vegetative forms of the asexual form develop a growth (dark brown, cracked, resembling coke) on the trunk of a living tree. The process of formation of growths is long-lasting, gradual, and the wood being near these fruiting bodies grows strongly, like the trunk. The flesh of this fungus forms hard and firm mycelium; it is initially yellowish-ochre in color and darkens with age to brown, with a whitish, marbled pattern. Every year, fruiting bodies produce chlamydospores, which are the spore forms. Chlamydospores are 1-4-cell, oval, with thick cell walls, of olive-brown color. Fruiting bodies of the gender form (perfect) are annual, not typical, located near the vegetative fruiting bodies. They appear along the trunk -between the wood and the bark or between the layers of wood. In the early stages of development, fruiting bodies of the gender form are soft, next fleshy, and when ripe, they become corky and brittle. The dimensions of the mature fruiting bodies may reach several meters in length, but they are quite narrow (a dozen of centimeters) and thin (up to 10 mm of thickness). A hymenophore makes almost the entire thickness of the fruiting body. It is tubular, whitish, and darkens with age; the tubes are arranged diagonally in a single layer, 10 mm of length. Fruiting bodies of the gender forms have a concentration of mycelium on the edges, which creates numerous gaps and cracks in the trunk of a tree -so the sow of spores and the further growth of the fungus are possible. Spores are colorless and a rash is white [2] .
The fungus is used in the Russian folk medicine in the treatment of inoperable breast cancer, oral cancer, gastrointestinal cancer, parathyroid, lung and skin cancer as well as Hodgkin's disease [1] .
Most often it can be found on trees such as Betula pendula, B. pubescens, B. carpatica, and Fagus sylvatica; less frequently it occurs on Acer campestre, A. pseudoplatanus, Alnus glutinosa, A. incana, Fraxinus excelsior, Quercus cerris, Q. petraea, Q. robur, Q. delachampii, and Ulmus sp. [3] .
Most research on the pharmacological activity of the fruiting bodies of this fungus has been carried out in the research centers in Germany, Japan, Korea and the Republic of China. Fruiting bodies of this fungus are rich sources of various biologically active compounds, such as polysaccharides [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , phenolic compounds [14] [15] [16] , triterpenes [17] [18] [19] [20] , betulin and betulinic acid [21] , ergosterol and ergosterol peroxide [22] , inotodiol [23] , and melanin [24] . Research have shown that extracts of Inonotus obliquus indicate the anti-inflammatory [25] [26] [27] , immunomodulatory [5, [28] [29] [30] , anticancer [10, 19, 20, 31- 
Biological activity of active compounds isolated from Inonotus obliquus
Polysaccharides
Among compounds of this type, heteropolysaccharides and homoglucans isolated from the fruiting bodies (sclerotia) as well as endo-polysaccharides present in the mycelium can be distinguished. The compounds differ in the mechanism of antitumor activity; polysaccharides from fruiting bodies act directly on the tumor cells [46] and endo-polysaccharides act indirectly by activating the immune system in a way similar to bacterial lipopolysaccharide (LPS). A specific inhibitor of LPS, polymyxin B, does not affect the activation properties of endopolysaccharide, which suggests the involvement of different localizations in the structure of a molecule that bind to the receptors of immunocompetent cells. B-cells exposed to endo-polysaccharide increased the production of IgM and macrophages generated higher amounts of nitrogen oxide and showed the increased expression of genes encoding the proinflammatory cytokines IL-1β, IL-6 and TNF-α, and inducible nitric oxide synthase (iNOS) as well. The observed changes in the immune cells were dependent on the dose; there was no further activation of T-cells [5] .
Kim Yong Ook et al. characterized the isolated endo-polysaccharide as α-fucoglucomannan. In in vitro studies this compound showed no cytotoxicity to normal model and cancer human cell lines and increased proliferation of macrophages. In in vivo studies in mice implanted with melanoma B16-F10 cell line, almost four-time improvement of survival of animals receiving intraperitoneal endo-polysaccharide formulation at a dose of 30 mg/kg/day compared with control group was found. Oral administration of the preparation was characterized by lower antitumor activity. The authors of the research suggest that the endo-polysaccharide is responsible for the antitumor effect by activating the host immune system rather than by direct cytotoxicity [47] .
Triterpenoids
Among researched triterpenoids, inotodiol ( fig. 1) showed the strongest anti-proliferative effect on breast cancer Walker 256 cell line, the lower effect was indicated by trametenolic acid (fig. 2) . The antiproliferative effect is about the activation of caspase 3 and apoptosis induction as well as the inhibition of the process of synthesis in the S phase of the cell cycle. Furthermore, inotodiol, in a dose-and timedependent exposure, decreased the expression of Ki-67 antigen, a marker of mitotic cell activity [48] .
The sclerotia of I. obliquus were extracted with chloroform. The chloroform solution was evaporated under reduced pressure. The resulting residue was subjected to silica gel column chromatography. In in vivo experiments, inotodiol significantly prolonged the survival period of mice with skin papillomas induced with dimethylbenzanthracene ( fig. 3 ) and phorbol ester ( fig. 4) action. At the same time, there were no side effects in animals such as diarrhea and weight loss [49] . In the culture of murine leukemia P388 cell lines, trametenolic acid significantly reduced proliferation and inotodiol showed less activity [50] . 5 ) has the ability to solubilize the cell membrane, but that interaction with the lipid bilayer is not decisive for its anti-proliferative activity. Benzaldehyde, benzyl alcohol metabolite, is responsible for this effect. This compound develops during the cell metabolism or a spontaneous autoxidation process, which may be accelerated by the presence of reactive oxygen associated with carcinogenesis [51] . extract was then suspended in distilled water and partitioned with n-hexane.
Ergosterol peroxide ( fig. 6 ) acts as an antiproliferative agent and also inhibits the colony formation ability of tumor cells HCT116, HT-29, SW620 and DLD-1 cell lines of the colon. This inhibition of growth is due to the induction of apoptosis and lowering the concentration of β-catenin, which, in turn, reduces the expression of c-Myc, D1 cyclin, and Cdk-8 kinase, the proteins that activate cell proliferation. In mice with induced colon cancer with azoxymethane and dextran sulfate sodium administration, the reduction in the expression of Ki-67 antigen was observed. The authors suggest that ergosterol peroxide can be used in the prevention of colorectal cancer [22] . 
Mechanisms of antitumor activity of extracts of Inonotus obliquus. Research on tumor cells in culture
Oxidative stress, induced by toxic and carcinogenic xenobiotics and accompanying inflammatory diseases, leads to the presence of significant amounts of reactive oxygen (ROS) and nitrogen (RNS) species. These substances may be free radicals or not, but their common characteristic is the ability to damage the structure of proteins, polysaccharides, lipids, and nucleic acids. Aerobic degradation of DNA is considered to be a major cause of carcinogenic mutations, so, the substances that act as antioxidants are of value in the prevention of cancer and other degenerative diseases such as arteriosclerosis, cataracts, and Alzheimer's disease [52, 53] .
Hu et al., studying ethanol and water extracts of I. obliquus found significant antioxidant activity measured in vitro in the radical 1,1-diphenyl-2-picrylhydrazyl reduction test. Furthermore, the ethanol extract decomposed superoxide radical anion in a manner similar to superoxide dismutase. In the research on human cells of colon carcinoma DLD-1 line, the ethanol extract demonstrated the ability to inhibit proliferation and induce apoptosis; the aqueous extracts did not have these characteristics [54] .
Different results were obtained by Burczyk et al. culturing cervical HeLa cancer cells with an aqueous extract of I. obliquus. A significant decrease in the protein synthesis and the inhibition of proliferation due to the accumulation of cells in G1/G0 were observed [55] .
The mixture of endo-polysaccharides contained in the aqueous mycelium extract significantly and dose-dependently inhibited spontaneous and induced activity of Fe(II), lipid peroxidation and mitochondrial damage in mouse hepatocytes in vitro. The extract added to the culture of SMMC7721 liver cancer cell line inhibited the proliferation. It was also found that the extract in the amount of 150 mg/ml gives an inhibitory effect comparable to that of 5 μg/ml of mitomycin. Corresponding experiments with the extract of the fruiting bodies exhibited a superior anti-tumor activity of the mycelium extract [56] .
The cytotoxicity of the water extract of I. obliquus has been also researched in cultured human hepatoma HepG2 and Hep3B cell lines and immortalized normal liver Chang cell line. The inhibition of growth in all cell lines was dose-dependent; Chang cells were the least sensitive to the cytotoxic effects of the extract and HepG2 cell line -the most. Due to selective effects of I. obliquus extract on HepG2 cells, further investigation of cell cycle and protein levels modulating the cycle was performed. Using flow cytometry, the cell cycle arrest was observed in the G0/G1 phase and the reduced number of cells in S phase. The cycle arrest in the G0/G1 phase enables a cell to repair damaged DNA or to start the process of apoptosis -programmed cell death. In the described experiment, the effect of the aqueous extract of I. obliquus on apoptotic cell death by activation of caspase-3, a key enzyme for this process, was observed. Furthermore, the reduced levels of cell cycle regulatory proteins, p53, p27 and pRB, were observed. In HepG2 cells cultured in the presence of the extract of I. obliquus, the inhibition of the transition from G1 to S phase corresponds to the down-regulation of cyclins and cyclin-dependent kinases. The largest reduction was observed in the case of cyclin D1 kinases Cdk2 Cdk6, and cyclins D2 and E and Cdk4 kinase were less responsive to the I. obliquus extract. The authors continued the research of cytotoxicity of the aqueous extract of I. obliquus in B16-10 cell line, mouse melanoma. The dose-dependent significant reduction in proliferation as well as the induction of differentiation of melanoma cells were observed. As in case of HepG2 [31], the accumulation of cells in G0/G1 phase and the decrease in cells in S phase cells were stated. In B16-10 cells, the induction of apoptosis under the influence of action of the aqueous extract of I. obliquus was also confirmed; a dose-dependent increase in caspase-3 activity was found. The cycle arrest in the G0/G1 phase is also associated with lowering the levels of the key regulators of the cell cycle progression: p53, pRb and p27 proteins, D1 and E cyclins as well as and cyclin-dependent kinases Cdk2 and Cdk4 in tumor cells treated with the extract of I. obliquus [32] .
In the process of cancer prevention, the immune system activity and the modulation of factors that influence the inflammatory response are also important. Chronic inflammation is a process of generating ROS and RNS, among others by cyclooxygenase-2 (COX-2) enzymes and inducible nitric oxide synthase (iNOS) [57] . COX-2 catalyzes the formation of inflammatory mediators (prostaglandins and thromboxanes) and prostacyclins from arachidonic acid and iNOS is responsible for the synthesis of massive amounts of nitric oxide (NO), which together with ROS form prooxidative environment. Macrophages are the cells of the innate immune activation of responding iNOS and COX-2 on pro-inflammatory factors. The expression of genes encoding these enzymes is regulated by NFκB transcription factor, translocation of which to the nucleus activates a signaling cascade leading to inflammation [58] . The results of the research of Ko et al. [35] pay attention to the modulation of the immune system due to I. obliquus extract. In mice that had induced allergies using ovalbumin, oral administration of the aqueous extract showed reduced secretion of interleukin-4 and the increased level of interferon-γ (IFN-γ), which suggest strengthening responses from the Th1 cells promoting a cellular response and the inhibition of Th2 cells, supporting the humoral immunity. Macrophages isolated from the peritoneal cavity of mice and stimulated with bacterial lipopolysaccharide (LPS) due to I. obliquus extract, generated less NO, and, on the other hand, increased the synthesis of tumor necrosis factor-α (TNF-α). There has been also the reduction in the total levels of IgE and IgG2a as well as immunization of ovalbumin -specific IgE and IgG1 antibodies. This phenomenon is consistent with the experiment described in the inhibition of the activity of Th2. T-cells isolated from CD4 + mouse spleen, were subjected to the mitogen action of concanavalin A (ConA) and the decreased secretion of interleukin-2 and -4, and IFN-γ was observed. The authors suggest that I. obliquus extract indicates anti-inflammatory and antiallergic activity.
In studies on the effect of the methanol extract of I. obliquus on a pro-inflammatory effect of stimulating murine macrophage RAW 264.7 LPS cell line, there was a significant reduction in the levels of generated NO and the concentration of prostaglandin E2 (PGE2) and TNF-α. These observations were confirmed by the analysis of the gene expression of iNOS and COX-2 and the concentration of the corresponding enzyme proteins. Furthermore, the methanol extract of I. obliquus significantly inhibited combining NFκB transcription factor with DNA [25] .
In a similarly designed experiment using RAW 264.7 macrophages stimulated by LPS, the effect of I. obliquus extract obtained with 70% ethanol on the activity of COX-2 and iNOS was investigated. A significant and dose-dependent decrease in NO production and the expression of COX-2 and iNOS in LPS-stimulated macrophages were observed. The analysis of the mechanisms of this phenomenon has revealed, that it is dependent on the suppression of NFκB and protein kinase B (Akt), which is one of the key factors that promotes cell proliferation, cell migration, and angiogenesis. The authors suggest that a combination of these characteristics of I. obliquus extract is a great value of raw material as antimutagenic anti-inflammatory, and analgesic preparation [59] .
Mechanisms of antitumor activity of extracts of Inonotus obliquus. Research in animal models
The anti-inflammatory effects of the methanol extract of I. obliquus were demonstrated in a model of the acute paw swelling, caused by the subcutaneous administration of carrageenan induced in a rat. It has been found that the extract's effect is dose-dependent (100 and 200 mg/kg body weight), but has moderate anti-inflammatory activity as compared with ibuprofen. In additional assays involving induction of pain in mice, moderate analgesic activity of I. obliquus extract was confirmed in comparison with aspirin and morphine [25] .
In order to investigate whether the extract of mycelium of I. obliquus has an inhibitory effect on tumor growth in vivo, Balb/c mice were inoculated with melanoma B16-F10 cell line. The aqueous extract was administered to mice orally or by intraperitoneal injection. In the control group and in animals that received the extract prior to inoculation of cancer, weight gain associated with an increased mass and the number of tumors was observed, while the mice treated with the extract after the inoculation no changes in body weight were measured, compared with the control. The data analysis also showed that intraperitoneal administration has a stronger antitumor effect than oral one. The authors further suggest that the observed anti-tumor activity in vivo of the aqueous extract of I. obliquus, may be the result of not only the activation of the immune system of the host, but also the result of the direct effect of the extract on tumor cells or other mechanisms [32] .
In mice inoculated subcutaneously with mouse sarcoma, Sarcoma 180 (S-180) cell lines, and administered orally in different doses (20, 60 and 100 mg/kg) of an aqueous extract of I. obliquus sclerotium, lymphocyte viability, the weight of the organs of the immune system, thymus and spleen, the tumor mass as well as the expression of proteins produced by Bax and Bcl-2 genes in tumor cells and the release of tumor necrosis factor-α (TNF-α) from lymphocytes from the peritoneal cavity of mice were examined. At the same time, the impact of I. obliquus extract on the S-180 cells was examined in vitro. 14 days after tumor implantation, a decrease in the number and capacity of lymphocyte proliferation and decrease in the release of TNF-α from the lymphocyte were found, compared with the results of the control animals and the administration of I. obliquus extract in a dose-dependent manner restored the extend of these parameters to the level observed in control. In vitro experiment using flow cytometry showed the accumulation of S-180 cells in G1/M and S phases, and a small percentage of apoptotic cells in the G0/G1 phase. Under the influence of action of I. obliquus extract, the reduction in the proliferation of S-180 caused by the accumulation of cells in G1/G0 phase as well as the apoptotic ones was observed; this effect was dose-dependent. The tumor mass was smaller in mice treated with the extract of I. obliquus. Histochemical examination of tumor pieces showed down-regulation of the pro-apoptotic products of Bax gene and increased the expression of anti-apoptotic Bcl-2 gene. The administration of the extract to mice with implanted tumor reversed these relations. On the basis of the results obtained, the authors of the research suggest, that the effect of the aqueous extract of I. obliquus protects lymphocytes destroyed by the cancerous process, intensifies the immune defense against S-180 cells and leads to apoptosis of tumor cells in vivo, among others, by an increase in TNF-α-cell lymphoma [33] .
In similarly planned experiment in mice implanted with S-180 cells, comparable results for the immunomodulating activity of I. obliquus were obtained. It was also found that the extract containing soluble alkaline polysaccharide stimulates macrophages to increased secretion of nitric oxide by increasing the activity of inducible nitric oxide synthase. Increasing the phagocytic activity of macrophages confirmed with the high activity of lysosomal enzymes suggests, that the mechanism of immunomodulation involves the non-specific immune reactions associated with the induction of inflammation as well. Activated macrophages are important factors in the immune system of the host and the nitrogen oxide as an effector molecule is involved not only in killing tumor cells, but also in defense against bacteria, fungi, and parasites. The extract from fungus was subjected to the structural analysis, which showed the presence of rhamnose, xylose, mannose, galactose, glucose, and galacturonic acid [60] .
Preparation comprising a mixture of the powdered mycelium (Phellinus linteus, Inonotus obliquus, Antrodia camphorate, and Ganoderma lucidum) was administered intraperitoneally to mice injected with the mouse melanoma B16-F10 cell line, which developed solid tumors in the peritoneal cavity; doxorubicin therapy was used as a comparison. Oral administration of 300 mg/kg of body mass per day decreased tumor mass in a manner comparable to the results for animals treated with doxorubicin and approx. in 50% increased the survival time in comparison to animals treated with either doxorubicin or the mycelium powder. By studying the mechanism of this phenomenon, the authors found out that the inhibition of B16-F10 cells proliferation occurs by the cell cycle arrest in G0/G1 phase, inhibition of the expression of D1 cyclin and cyclin-dependent kinases (Cdk4 and Cdk2), and the induction of p21 protein, which indicates the activation of the apoptosis process [61] .
CONCLUSION
Heteropolysaccharides and homoglucans isolated from the fruiting bodies (sclerotia) as well as endopolysaccharides present in the mycelium differ in the mechanism of antitumor activity; polysaccharides from fruiting bodies act directly on the tumor cells and endo-polysaccharides act indirectly by activating the immune system in a way similar to bacterial lipopolysaccharide.
Among the researched triterpenoids, inotodiol showed the strongest anti-proliferative effect on breast cancer Walker 256 cell line, the lower effect was indicated by trametenolic acid.
Benzyl alcohol has the ability to solubilize the cell membrane, but that interaction with the lipid bilayer is not decisive for its anti-proliferative activity. Benzaldehyde, benzyl alcohol metabolite, is responsible for this effect.
Ergosterol peroxide acts as an antiproliferative agent and also inhibits the colony formation ability of tumor cells HCT116, HT-29, SW620 and DLD-1 cell lines of colon.
In the research on human cells of colon carcinoma DLD-1 line, the ethanol extract demonstrated the ability to inhibit proliferation and induce apoptosis; the aqueous extracts did not have these characteristics.
Further research is needed to explain the antitumor activity of I. obliquus and enable widespread adoption of preparations of this fungus to pharmacotherapy. 
